In 1949 a preliminary report on a method of rapid serial angiography of the cerebral vessels was published from this hospital by Curtis (1949) . When he returned to Australia we took over the work on this subject, and in this paper we report our observations and an analysis of the serial angiograms which have been made here during the two years in which this method has been used.
Apparatus
A brief description of the machine ( Fig. 1 ) was given in the earlier paper on this subject (Curtis, 1949) , and this apparatus has been used for all the cases without modification. It was devised by Dr. E. Schuster and it enables exposures to be made at three variable speeds up to 2 frames per second. Intensifying screens are employed, and the images, each 10 in. wide by 8 in. long, are projected on to a strip of film 20 ft. in length.
An antero-posterior projection has been obtained by rotating the head, but this is unsatisfactory because it is difficult to get accurate alignment, and the lateral projection only is in general use. This has been found to be adequate for most purposes when supplemented by antero-posterior views taken by the standard three-film technique (Curtis, 1951) . After injection of the vertebral artery, however, it would be particularly useful if rapid serial angiograms could be taken in the half-axial projection, which provides more information than does the lateral vertebral angiogram. Several models of the machine have been made by Dr. Schuster for other purposes in which this projection is required, and it -would be a relatively simple matter to adapt one of -these for cerebral angiography.* There are one or two minor disadvantages, of a technical nature, which depend on the difficulty of developing a long strip of film. As was described in the preliminary report (Curtis, 1949) , the film is * Messrs. General Radiological Limited hope to manufacture a ,unit base on a later design by Dr. Schuster in collaboration with the Nuffield Institute for Medical Research. This model is intended for general use but is readily adaptable for cerebral angiography in any projection; it was exhibited at the Sixth International Congress of Radiology in 1950. wound on to a spiral holder of a type similar to that used for aerial photography. Owing to the impossibility of winding wet film back on to the holder once it has been taken off, the process of development, fixation, and washing must be completed before the film is removed. This involves a delay of about an hour before the wet film can be inspected. Apart from the necessity of waiting this time before a diagnosis can be reached, a more serious problem is that the angiogram cannot be repeated on the same occasion if for any reason there should have been a fault in the injection or radiography. Also, in order to study the wet film special fixtures for viewing it are necessary. These are usually not available in the operating theatre, so that if the film is required for immediate exhibition during an operation a further delay is caused.
Irradiation
We have considered the possibility that the amount of irradiation received as a result of a large number of rapidly repeated exposures might be harmful to the patient. By means of accurate measurements the dose has been found not to exceed 20-8r for the maximum number of exposures, which is 25 per film. In practice such a large number of frames is seldom necessary, since most of the contrast has usually passed through the cerebral vessels in eight seconds* as will be shown (Fig. 2) The Puncture.-The size of the lumen of the needle influences the rate at which the contrast substance can be injected, and the site at which the needle is inserted into the carotid system makes a considerable difference to the angiogram obtained. If the injection is made into the internal carotid artery, all the contrast substance is delivered into the cerebral circulation. If, on the other hand, the injection is made into the common carotid artery, the proportion of contrast medium which is distributed between the external and internal carotid circulations is variable. The predominant course taken by the opaque fluid is governed to some extent by the direction in which the bevelled end of the needle is pointed. The flow of the contrast-substance is also impeded if the needle does not lie fully within the lumen of the vessel, and we have omitted cases from consideration in which doubt existed about the freedom of flow through the needle.
If the puncture is difficult the artery may be compressed by extravasated blood or put into spasm, and direct stimulation of the carotid sinus is also a possibility.
The Contrast Substance.-We have no accurate details of the action of diodone*, which was the contrast substance used in all these cases, on the cerebral blood vessels. The flushing of the face, often preceded by transient pallor, and injection of Pyelosil. Glaxo. the conjunctiva, are well known effects on extracerebral vessels. There is possibly some stimulation of perivascular autonomic fibres since the injection is frequently associated with pupillary dilatation.
The contractility of pial vessels has been established (Florey, 1925; Forbes and Wolff, 1928 ) and the intracerebral arteries may be expected to be affected in a similar manner to those of the extracerebral circulation. The duration of this influence may be such as to affect the circulation time when contrast substance is injected twice at the same session, but we have insufficient material to draw any definite conclusions on this point. In three cases, however, in which the serial examination was repeated after a short interval (about 20 minutes), no significant differences in the circulation time were demonstrated. The only means of demonstrating any direct influence of the contrast substance on the circulation time would be to compare a number of angiograms in which two injections were given: for the first injection a non-irritant substance would be employed, and for the second, diodone. The only non-irritant contrast medium available at the present time is thorotrast, and we have not felt justified in using this because of its possible harmful effects.
The Injection.-The main factor affecting the duration of vascular filling is the time occupied by the injection; this of course depends on the volume of contrast substance and the speed of injection. The volume given to adults in our series was usually 10 or 12 ml., depending on the length of rubber tubing attached to the syringe, and the time occupied by the injection was about two seconds in all our cases. As the first frame is taken at the moment the injection is begun, it is possible to measure this time in the serial films by noting the disappearance of the column of contrast from the neck. The rate of injection evidently affects pressure relationships within the Circle of Willis, and on account of this some vessels occasionally take up contrast at the expense of others. We have found that when the anterior cerebral artery has failed to fill it has sometimes been due to too rapid injection of the contrast substance. Obviously, the volume injected will also influence the circulation time, and the shortest in our series (Case 2) occurred in a child aged 3 years, in whom an injection of only 6 ml.
of contrast was used.
Other Factors. (Curtis, 1949 (Fig. 4) .
Our experience does not confirm Curtis's statement (1951) that the deep veins are usually the first to empty. In our 20 cases they emptied first in three, last in five, and in the others at about the same time as the superficial veins or at a time which was indeterminable on account of the presence of contrast in both sets of veins in the last frame (Fig. 4) The Choroidal Plexus of the Eye During the study of these rapid serial angiograms a crescentic line was observed within the orbit produced by contrast substance in the choroidal plexus of the eye (Schurr, 1951) . This appearance was found in 11 of the 20 normal carotid angiograms, and it was visible between the average times of two and five and a half seconds (Fig. 5) It sometimes happens that, when a tumour does not reveal a pathological circulation or does not lie in direct relation to any of the larger arteries, a diagnosis has to be based on the displacement of very small vessels. With the larger number of exposures obtained by the serial method there is greater opportunity of obtaining good films of these small channels (Fig. 7) .
Malignant Gliomas.-The presence of arteriovenous fistulae in a tumour other than an arterio- Frames from a serial angiogram of a large arteriovenous malformation taken during an injection of the left internal carotid artery. The contrast can be seen to spread through a dense cluster of abnormal vessels, and to enter the dilated and tortuous venous efferents at an early stage. The anterior cerebral artery has not filled clearly but is just visible. The main blood flow is seen to be through the lesion.
C. 2 seconds. D. 3k seconds.
Frames taken during an injection into the left vertebral artery of the same patient. The vascular abnormality is seen to be much more extensive than was first shown to be the case, different parts of the lesion being supplied by the middle and posterior cerebral arteries. E. 6 seconds. A later film in the vertebral series shows the presence of a veil-like lake of contrast substance, lying in grossly dilated venous channels not visible after carotid injection and appearing late in the series.
appearance can be compared with that of the remainder of the cerebral venous channels. In Fig. 8 the interval between the appearance of the first arterial vessels in a tumour and the first vein leading from it is compared with the beginnings of the arterial and venous phases of the general cerebral circulation in the same case. It will be seen that the contrast passes relatively rapidly into the venous efferents of the glioblastomas, in which arteriovenous fistulae are plentiful, and with much less rapidity into those of the meningiomas. The duration of filling of tumour vessels may prove to be a valuable aid to the differential diagnosis of various types of neoplasm, but it is not possible to be definite because fistulae between arteries and veins may occasionally be found in certain meningiomas (Wickbom, 1948) .
Arteriovenous Malformations.-Considerable assistance is given to the surgeon who intends to RAPID SERIAL ANGIOGRAPHY operate on arteriovenous malformations by an accurate knowledge of the afferent and efferent vessels to such a lesion. This enables them to be occluded in the correct order, and ensures that, so far as is possible, the difficulties of the operation are foreseen.
The circulation in certain arteriovenous malformations may be extremely rapid on account of the absence of capillary resistance, and the contrast may pass so quickly through these lesions that the arteries and veins are not seen separately in films obtained at the usual interval of 2 seconds (Wickbom, 1950) . Furthermore, the whole of the malformation is not always filled at the same time or from a single source. A large lesion of this type is shown in Fig. 9 . The serial angiograms of this patient were performed by the internal carotid and vertebral routes, and show an extensive arteriovenous malformation supplied from each of the three large cerebral arteries, with a gradual spread of the contrast substance into different parts of the lesion. The later frames from the vertebral series (Fig. 9E) show the development of a veil-like appearance caused by venous sacs, which often fill late in the series and are not always completely outlined in any one frame. The presence of such dilated venous channels greatly increases the difficulties of operation.
The complete film obtained from a patient with an unusual type of capillary angioma was illustrated in the preliminary report (Curtis, 1949) . In this there was late filling of certain abnormal vessels which would not have been apparent in the routine series of three films. This lesion has not been confirmed histologically because the patient's epilepsy is adequately controlled by medical treatment and her symptoms do not warrant surgical exploration at present.
Aneurysms.-An interesting demonstration is provided, by means of rapid serial angiography, of the duration of filling of large saccular aneurysms of the carotid siphon which may retain the contrast substance after it has left the rest of the cerebral vessels (Fig.10) .
Carotico-cavernous Fistulae. (Fig. 11A) , and clearly demonstrated that the ascending branches of the middle cerebral artery can in these circumstances be filled from above. In each of these cases the contrast filled the anterior cerebral artery and its named branches, and then flowed like a fountain over the surface of the hemisphere into the areas usually supplied by the middle cerebral artery. In the films the contrast could be clearly seen to pass from the small branches of the anterior cerebral artery into the corresponding branches of the middle cerebral artery, the retrograde filling of which gradually increased in the later frames (Fig. 11B) 
Conclusions
Rapid serial angiography is of considerable valuc as a research technique, and, when some of the variable factors are controlled, is likely to prove as useful in studying the physiology of the circulation of the brain as it has already proved to be in the study of the circulation of other organs. A modification of the machine described was used by Daniel and Prichard (1951) in their studies of the hepatic circulation. These workers used thorotrast for their contrast medium, and for the study of physiological conditions a less irritating substance than diodone must be used; we have therefore not attempted to collect material for the study of normal physiology from among our cases. The method of serial angiography is also of considerable educational value, since knowledge of the more complete picture of the passage of contrast substance through the cerebral vessels helps in the interpefaltion of other angiograms.
For clinical purposes there are certain circumstances in which rapid serial angiography may provide information which is not otherwise obtainable, although for routine work the standard technique of making three exposures at 2, 4, and 8 seconds has proved adequate. The method is of greatest use in studying the circulation of arteriovenous malformations, and may give the surgeon valuable information if surgical treatment of these lesions is contemplated. The second important indication for its use is when there is difficulty in the interpretation of angiograms obtained by the standard method; for example, when the possibility of malignant change in a tumour is open to question. Lastly, the demonstration of retrograde flow, in cases in which small vessels are thrombosed, may help in the diagnosis of these lesions.
Summary
The experience obtained with rapid serial angiography since the preliminary report was made in 1949 is reviewed.
Twenty-one normal serial angiograms are discussed with reference to the sequence and duration of filling of cerebral vessels during angiography.
The appearances of the choroidal plexus of the eye in rapid serial angiograms are described.
The uses of serial angiography in the diagnosis of tumours and in depicting arteriovenous malformations are considered.
Some observations are made on the course of the blood flow in cases of thrombosis of the middle cerebral artery.
Serial angiography should be used to supplement the information supplied by the standard (threefilm) technique, particularly in cases of vascular malformation and in conditions in which interpretation of the standard films is difficult. It may also be of assistance in some cases of cerebral thrombosis. The technique has great value for research and teaching purposes.
